PURPOSE. This study investigated the incidence and progression, as well as factors associated with changes in astigmatism in school children. METHODS. This was a prospective cohort study. Children 7 to 9 years of age, of Chinese, Malay, and Asian Indian ethnicity, were examined annually over a 4-year period. Cycloplegic autorefraction was performed. A questionnaire was used to evaluate risk factors for incidence and progression of astigmatism. RESULTS. The cumulative 3-year incidence rate of astigmatism was 33.6% (cylinder power of 0.5 D or worse) or 11.5% (cylinder power of 1.0 D or worse). Myopic children had a higher incidence rate of astigmatism than nonmyopes (P Ͻ 0.001). The mean J0 change per year was 0.012 D (95% CI: 0.007-0.018), whereas J45 did not show a significant change each year (mean, 0.001 D per year). Chinese children had greater worsening of J0 per year (P Ͻ 0.001). Girls also had significantly greater progression of J0 than did boys (P Ͻ 0.001). Similarly, myopia at baseline (P Ͻ 0.001) and the hours of computer use (P ϭ 0.049) were associated with a greater progression rate of J0. J0 tended to improve in children with compound hyperopic astigmatism, worsen in children with compound myopic astigmatism, and remain stable in mixed astigmatics. CONCLUSIONS. Although there was minimal progression of astigmatism in school age children (0.44 -0.53 D) over this period of follow-up, incident cases of astigmatism (Ͼ1.0 D) were not uncommon. The progression rate of astigmatism was affected by the ethnicity, presence of myopia, axis, and subtype of astigmatism. (Invest Ophthalmol Vis Sci.
A stigmatism is an important refractive condition in children 1 because it imposes considerable optical defocus at all viewing distances during the years of ocular maturation. Although debatable, 2 astigmatism is a possible cause of meridional amblyopia. 3 In addition, there is evidence of difficulty of correcting high astigmatism in clinical practice, leading to rejection of eye wear in children, with a decrease in classroom performance as a result of unsatisfactory vision. 4 The axes of astigmatism differed between races, 5 suggesting a heritable component. A more recent study showed the importance of dominant inheritance in astigmatism. 6 Compared with myopia, the proportion of the variance of astigmatism explainable by genetic factors appeared to be relatively lower. 6, 7 In infants, the severity of astigmatism was reduced from 1 to 3 years. 8 -10 A study of astigmatism from infancy to late childhood showed that the mean cylindrical power remained stable between 7 and 9 years of age, but incidence rates of astigmatism during school age were not reported. 11 The temporal changes in astigmatism within a population over a few decades had been studied, 12 but these studies had not been performed within a cohort. Therefore, the change in astigmatism constituted the least studied aspect of refractive error development in school age children. One populationbased incidence study involving a repeat examination after 2 years was performed in the Shunyi District in China 13 in subjects between 5 and 13 years of age. In that study, the mean change in the power of the astigmatic cylinder was found to be 0. However, the progression analysis did not consider the astigmatic cylinders to be vector quantities, 14 therefore limiting the usefulness of the conclusions.
We conducted a study to evaluate the incidence and progression rate of astigmatism in a cohort of school children in Singapore and to investigate the possible epidemiologic associations of these longitudinal changes.
METHODS

Design and Patients
The Singapore Cohort Study Of the Risk Factors for Myopia (SCORM) commenced in 1999. It was designed to evaluate the risk factors for progression of myopia in school children. The details concerning recruitment of subjects and the study procedures have been published previously. 15, 16 All school children in grades 1 to 3, ages ranging from 7 to 9 years, attending two Singapore schools (located on the Eastern and Northern parts of Singapore) were invited to participate. Exclusion criteria included serious medical conditions such as leukemia or heart disorders and allergies to eye drops. A total of 1019 children, 507 (49.75%) boys and 512 (50.25%) girls participated in the baseline examination visit. There were 528 7-year-olds, 325 8-year-olds, and 166 9-year-olds with 737 Chinese, 229 Malay, and 53 Asian Indian children. Thereafter, yearly follow-up visits were scheduled for all participants. Among the participants, 842 had three follow-up visits, whereas 38 were without any follow-up. There were no statistically significant differences in age, gender, and baseline refraction in the children who remained in the study throughout the 3 years and children who were not in the study at the end of 3 years (n ϭ 177). However, the children who were lost to follow-up were less likely to be Chinese (54.6%), compared with children who remained throughout the 3 years. Figure  1 shows the number of subjects recruited and the number of children with refractive data analyzed at the end of the 3-year study period.
This study was approved by the ethics committee of the Singapore Eye Research Institute, and all procedures adhered to the Declaration of Helsinki. Informed written consent was obtained from parents of the children.
Study Procedures
The same procedures were performed at annual school visits. The cycloplegic regimen consisted of 1 drop of 1% cyclopentolate repeated twice at 5-minute intervals. All measurements were performed at least 30 minutes after the last eye drop instillation.
Cycloplegic autorefraction and autokeratometry in two perpendicular meridians were performed (RK-5; Canon Ltd., Tochigiken, Japan). Cycloplegic autorefraction was the most suitable method of longitudinal measurement in epidemiologic studies. 17 Data on demographic variables and computer use were obtained from a detailed eight-page questionnaire administered mainly to assess the risk factors of myopia. The questionnaire was completed by the parents of the children. Only the data from the baseline questionnaire were used in the study.
Data Analysis
Astigmatism was defined as a cylinder power of at least 0.5 or 1.0 D. Myopia was defined as a spherical equivalent of at least Ϫ0.5 D. J0 and J45 were Fourier-transformed vectors 18 derived from the average of five refractions, as described in a previous report.
14 Briefly, if C is the cylindrical power, and A the axis of the cylinder in the spherical/ cylinder notation, J0 ϭ Ϫ(Ccos2A)/2 and J45 ϭ Ϫ(Csin2A)/2.
The cumulative incidence rate of astigmatism was defined as the proportion of participants with astigmatism present at the 3-year follow-up examination in subjects without astigmatism at the baseline visit. The age-, gender-, and race-specific cumulative incidence rate of astigmatism and 95% confidence intervals (CI) were calculated. The multivariate adjusted hazard ratios and 95% CI were derived with the Cox proportional hazards model.
Change in J0 or J45 was defined as the J0 or J45 at the baseline examination subtracted from the final examination divided by the duration of follow-up in years. Multiple linear regression models were constructed with changes in refraction as the dependent variable and the relevant demographic factors as covariates.
For progression studies, only subjects with at least two visits were included. For studies investigating the sign of J0, the J0 may have been exactly 0 in the baseline visit, in which case the sign of J0 in the second visit was used in the analysis.
The A and V patterns of astigmatism symmetry between right and left eyes were defined as in a previously published report. 19 Briefly, a positive J45 (axis at 45°) in the right eye and negative axis in the left eye (axis at 135°) refer to a V-pattern symmetry, whereas a negative J45 (axis at 135°) in the right eye and positive J45 in the left eye (axis at 45°) produces an A-pattern symmetry.
Compound hyperopic astigmatism was defined as refractions with positive powers in each meridian, and compound myopic astigmatism was defined as those with negative powers in each meridian. Mixed astigmatism referred to cases with positive power in one meridian and negative power in the other.
Statistical significance was set at the level of ␣ ϭ 0.05. As not all children had the same number of follow-up visits, analyses comparing subgroups were repeated with mean values weighted for the number of visits. The number of children eligible for the incidence of astigmatism in each of the visits is shown in Figure 1 . All analyses referred to the values for the right eyes, except for the symmetry of astigmatism analyses, which naturally involve both eyes. Statistical analysis was conducted using the commercially available software (SAS, Cary, NC).
RESULTS
The children (n ϭ 1019) were examined at the baseline visit. Among the initial 1019 children, 197 (19.3%) had cylinder powers of 1.0 D or worse. Among the remaining 822 children, 680 children attended a 3-year follow-up visit (Fig. 1) . For students who were examined in all follow-up visits (n ϭ 680), the mean cylinder at baseline was 0.44 D (SD: 0.25), and median cylinder was 0.43 D (range, 0.00 -1.00). At the last follow-up visit, the mean cylinder was 0.53 D (SD: 0.41) and median cylinder was 0.45 D (range, 0.00 -2.80).
The 3-year cumulative incidence rate of astigmatism (cylinder at least 1.0 D) was 11.5% (95% CI: 9.1-13.9; Table 1) . Myopic children at baseline had a higher incidence rate of astigmatism than nonmyopes (P Ͻ 0.001). The hazard ratio of the development of astigmatism in myopes compared with nonmyopes was 5.40 (95% CI: 3.59 -8.10), when controlling for age, gender, and ethnicity. In the children without myopia, the 3-year incidence rate of astigmatism (at least 1.0 D) was only 4.5% (95% CI: 2.7-6.4), compared with 29.2% (95% CI: 22.7-35.6) in children with myopia. When astigmatism was defined as a cylinder magnitude of 0.5 D or worse, the 3-year cumulative incidence rate was 33.6% (95% CI: 29.1-38.1).
The mean J0 at baseline was 0.28 D (95% CI: 0.25-0.30), whereas the mean J45 at baseline was 0.01 D (95% CI: 0.00 -0.02). The mean absolute J45 at baseline was 0.11 D (95% CI: 0.10 -0.12).
The J0 change per year was 0.012 D (95% CI: 0.007-0.018; Table 2 ). Chinese children had a worsening of J0 that averaged 0.022 D, whereas non-Chinese children had a reduction in J0 by 0.014 D. The difference in the progression rate of J0 between ethnic groups was significant (P Ͻ 0.001). Girls also had significantly greater progression of J0 than did boys (P Ͻ 0.001). Similarly, myopia at baseline, and the use of computers were also associated with a greater progression rate of J0 (P Ͻ 0.049).
The absolute J45 did not appear to change over the period of the study: 0.001 D per year (95% CI: Ϫ0.001 to ϩ0.004; Table 3 ). However, the Chinese children showed a fluctuation of J45 at 0.004 D per year (95% CI: 0.000 -0.007), whereas the non-Chinese children showed Ϫ0.005 D per year (95% CI: Ϫ0.010 -0.000; P ϭ 0.007). The myopes also showed a significantly increasing slope compared with nonmyopes (P ϭ 0.003). Ethnicity (P ϭ 0.02) and myopia status (P ϭ 0.03) were still significant when the analysis was adjusted for age and gender.
When the J0 and J45 progression rates were weighted according to the number of follow-up visits, the results were essentially the same (not shown).
The rates of progression of J0 were separately analyzed in children with different subtypes of astigmatism at baseline (i.e., 
IOVS,
compound myopic astigmatism, mixed astigmatism, and compound hyperopic astigmatism). In those with compound myopic astigmatism (n ϭ 320), the progression rate was 0.057 D per year (95% CI: 0.047-0.066). In those with mixed astigmatism (n ϭ 86), there was no significant progression of J0 (0.000 D/y; 95% CI: Ϫ0.019 to ϩ0.020). In those with compound hyperopic astigmatism (n ϭ 552), the J0 showed a reducing trend at -0.012 D/y (95% CI: Ϫ0.017 to Ϫ0.007). The analysis for progression of J0 and J45 was repeated in those children with initial cylinder power of 0.5 D or worse and repeated again for those with initial cylinder power of 1.0 D, and essentially the same results were found (not shown). Most children with positive J0 (with-the-rule astigmatism) remained with-the-rule at the end of the follow-up, with only 8.3% converting to against-the-rule astigmatism. (Table 4) . On the contrary, of the children with negative J0 (against-the-rule At the baseline visit, the most common type of oblique astigmatism was V-pattern symmetry, followed by ϪϪ (axes at 135°in both eyes), A-pattern symmetry, and ϩϩ (axes at 45°in both eyes; Table 5 ). This distribution of symmetry persisted at the last visit of the follow-up, with most children retaining the original pattern of astigmatism symmetry.
DISCUSSION
Because of an increase in the mean cylinder power of only 0.09 D over 3 years (0.44 -0.53 D) in this cohort of school children, the 3-year cumulative incidence rate of astigmatism of 33.6% (cylinder power of 0.5 D or worse) or 11.5% (cylinder power of 1.0 or worse) was not expected. This discrepancy could be related to measurement fluctuation and differing trends of astigmatism in some children. Cases of decreasing astigmatic severity may reduce the public health significance of the incidence rate. We found that the incidence of astigmatism was five times greater in myopes than in nonmyopes. With-the-rule astigmatism tended to increase slightly in this longitudinal study, with myopes, girls, and Chinese children showing significantly increasing trends. A greater number of hours of computer use were also associated with this worsening. The magnitude of oblique astigmatism (J45) did not change significantly in the entire cohort, but the Chinese and myopes showed an increasing trend. The effect of ethnicity remained after adjustment for myopic status and other demographic factors. Against-the-rule astigmatism tended to become withthe-rule, rather than vice versa. J0 progression was found in astigmatic children with compound myopia, J0 reduction was found for those with compound hyperopia, and no detectable change in J0 was found in those with mixed astigmatism.
In the Shunyi study, 13 it was found that the astigmatic error showed little change over the 28.5-month period. A decrease of 0.004 cylindrical diopter (SD 0.301) was found. Almost all eyes had cylindrical powers of less than 0.75 D at baseline as well as the repeat measurement. In the eyes with 0.75 D or more (8.4%) at the initial measurement, a general reduction in the magnitude of the astigmatism was found. Increasing astigmatic errors of above 0.50 D or more were associated with older age, and increases of 1.0 D or more were associated with greater cylinder powers at baseline and female gender. However, the Shunyi study found that the reduction of the cylinder was not associated with age and sex on multiple regression. These results of astigmatic change, however, did not treat cylinders as vectors, and therefore could not be directly compared with findings in the present study. It has been mentioned that vectorial analysis is necessary for the algebraic manipulation of astigmatic cylinders, 18 because the direction as well as the magnitude of cylinders could change with time.
The strengths of this study included a reasonable sample size and homogeneity of the method of refraction and biometry, performed in an age group and ethnic background that had not been adequately studied in the past. In the present study, the schools were not randomly selected, and this may limit the ability to generalize the findings to all school children. Because of the different subjects, the results of this study may not be applicable to children Western countries. The 3-year lost-tofollow-up rate was low (Fig. 1) .
The present findings suggests that severity of astigmatism remained stable in mean cylinder power in school age children. Being myopic was the major risk factor for development of astigmatism. In general, if nonmyopic school children had no astigmatism (using the same definition), the chances of having cylinder powers of above 1.0 D over the next 3 years was fairly low (on the order of 3.4%). Gwiazda et al. 11 reported that cylinder power may increase slightly after 10 years of age, although this trend was not statistically significant. More studies should be performed in older children to determine whether astigmatism progresses beyond the age range in the present study. The association of computer use with progression of J0 remained even after adjustment for myopia and had not been reported in previous studies on astigmatism. Computer use was found to be associated with prevalence of astigmatism in a previous report based on children in this same cohort study. 19 The exact explanation for this association was unclear and could be explored in further studies.
To summarize, in Singaporean school children, the change in mean cylinder power was slight over 3 years. The 3-year incidence rate of astigmatism was 11.5% (cylinder power of 1.0 D or worse). The presence of myopia at baseline was the most important risk factor for incident cases of astigmatism. Progression of astigmatism was generally not severe, but was shown to be affected by ethnicity, presence of myopia, the axis, and subtype of the astigmatism. In addition, the progression of with-the-rule astigmatism may be affected by the number of hours of computer use. 
